Conventional exergy-based analyses reveal options for improving energy conversion systems, but they suffer from some limitations that are addressed by advanced exergy-based analyses. Advanced exergy-based methods are capable of (1) identifying interdependencies among plant components (endogenous/exogenous values), and (2) revealing the potential for improvement (avoidable/unavoidable values). Thus, data obtained from these methods pinpoint strengths and weaknesses of energy conversion systems and are of great importance when complex plants with a large number of interconnected components are considered. This paper presents one of the first applications of an advanced exergoeconomic analysis to a complex power plant. The plant includes a mixed conducting membrane for oxy-fuel combustion and CO 2 capture. The results show that for the most influential components of the plant, the largest part of investment cost and of the costs of exergy destruction is unavoidable. Additionally, in most cases the interactions among the components are of lower importance and, for the majority of the components, the endogenous parts of the costs (related to the internal operation of each component) are significantly larger than the corresponding exogenous parts (related to component interactions). Nevertheless, relatively strong interactions have been found among the components that constitute the mixed conducting membrane reactor of the plant.
Introduction
Advanced exergy-based analyses are novel methods that can identify interactions among plant components, and reveal the real potential for improvement of individual components and overall plants [1] [2] [3] [4] [5] [6] [7] . Therefore, the application of these methods is very useful for better understanding the operation of energy conversion systems, especially when complex plants with a large number of interacting components are considered. The methodology of an advanced exergoeconomic analysis has been presented in refs. [8, 9] and it is, here, further tested and expanded through its first-time application to a complex power plant with CO 2 capture. In an advanced exergoeconomic analysis, the investment costs and the costs of exergy destruction, calculated in a conventional exergoeconomic analysis are split into avoidable/unavoidable and endogenous/exogenous parts. With this distinction, an engineer can focus on the avoidable part of the mentioned quantities and foresee the effect of parameter variations on component interactions. This knowledge can be crucial when large facilities are considered, particularly when component interdependencies are significant. Apart from the improvement suggestions that we obtain from such implementations, computational challenges of the methodology are also brought to surface. Such issues are subject to investigation, in order to improve the interpretation of the method and to simplify its practical implementation.
CO 2 capture in power plants is one of the proposed measures to decrease CO 2 emissions from the combustion of fossil fuels. However, most methods for capturing CO 2 in power plants are energy intensive [3] . Oxy-fuel combustion appears to be a promising alternative to conventional post-combustion methods and it can help decrease the energy penalty associated with CO 2 capture.
In this paper, an advanced zero emission plant with 85% CO 2 capture (AZEP 85) incorporating a mixed conducting membrane (MCM) reactor (see Figure 1 ) is analyzed using an advanced exergoeconomic analysis [10] [11] [12] for the first time. The same plant has been studied using conventional exergy-based analyses, advanced exergetic and exergoenvironmental analyses [3, 13, 14] . Some key results of the previously reported economic and exergoeconomic analyses of the power plant are also presented here, in order to account for some changes in the main assumptions of the analyses. Additionally, the AZEP is also compared to a conventional power plant (reference plant) that does not include CO 2 capture [3] . The efficiency penalty for capturing CO 2 in the AZEP concept is found to be relatively low, while the cost of the necessary equipment is estimated to be substantial. Thus, possible measures for reducing the overall cost of the plant, especially when these can result in improvements in its overall efficiency, are very valuable. 
Methodology
The main goal of advanced exergoeconomic analysis is to split the investment costs and costs of exergy destruction into endogenous/exogenous and avoidable/unavoidable parts. Avoidable costs show the real potential for improvement. To calculate the unavoidable investment costs, we simulate each component operating under the least favorable conditions (high irreversibilities). The unavoidable cost of some components (e.g., turbomachinery) is predefined, due to limited possible design changes for these components. Although the calculation of avoidable and unavoidable costs is conducted in a rather simple way and depends on the decision maker, it offers us valuable approximate values of avoidable inefficiencies that should be the focus for improvement [3] . The endogenous and exogenous costs are related to internal operational conditions and to component interactions, respectively. The exogenous cost of each plant component is also traced to the specific components that cause it, revealing individual component interactions and additional information about potential for improvement. This tracing includes examination of the plant components in pairs [3] . Lastly, depending on whether the costs can be avoided or not through design modifications, they can be split into avoidable and unavoidable parts, respectively.
The detailed methodological approach of an advanced exergoeconomic analysis is presented in ref. [3] .
Results

Results of the advanced exergoeconomic analysis
Splitting the investment cost rates The assumptions made for calculating the unavoidable investment cost rates, Z k UN can be found in ref.
[3]. Most of the costs of the GT system, the steam turbines and the pumps are assumed to be unavoidable, due to very limited modification possibilities in their design. The unavoidable cost of HXs is estimated performing additional, specially designed simulations. In these simulations, each HX is isolated from the other plant components and it is assumed to operate with high irreversibilities, i.e., high temperature differences and pressure drops. The lowest possible cost of production of the component is then estimated. In contrast to the turbomachinery of the AZEP, it is found that most of the investment costs of its heat exchangers (HXs) is avoidable. The results from splitting the investment cost rates for selected components are shown in Table 1 . The endogenous investment cost rate, Z k EN , of the components is higher than their exogenous rate, Z k EX , with the exception of the MCM and some HXs. In addition, the difference between the absolute values of the endogenous and exogenous investment cost rates is, in some cases, significant. For example, the endogenous investment cost rates are estimated to be four and three times higher than the exogenous rates of the CC and GT1, respectively. For C1, this difference is smaller. As seen in Table 1 , the Z k EN of some HXs and the CO 2 compressors (e.g., C5) is higher than their costs in the real process, Z k real (initial simulation). This is related to the increased mass flow rates required in the endogenous case that result in a higher rate of exergy of the product, when compared to the real process. These results show that the investment cost of a component with negative Z k EX increases when other components operate under theoretical conditions (without exergy destruction). Thus, in order to decrease the cost of a component with negative exogenous investment cost, the exergy destruction within the other components must be increased (opposite effects).
The avoidable investment costs indicate that, priority should be given to the components of the MCM reactor: primarily to its two HXs and secondarily to its MCM. The components CC, C1 and GT1 of the main GT system follow in avoidable cost rates. However, with the exception of the MCM LTHX, the cost of the components with the larger investment cost rates is mainly unavoidable. Thus, the investment cost of the plant is largely unavoidable. Additionally, with the exception of the MCM, most of the exogenous values of the plant components are relatively low, when compared to the endogenous values. This shows that component interactions are not as important as the internal operation of the components. Specifically, 73% and 56% of the avoidable investment cost of the MCM LTHX and the MCM HTHX, respectively, can be reduced through operational changes in the components themselves. The calculations used for splitting the cost of exergy destruction, C D,k , are based on equations found in ref. [3] . The results for selected components of the plants are shown in Table 2 . As seen, the majority of the HXs, the CC and C1 present high rates of unavoidable exergy destruction. The opposite is true for GT1, the CO 2 compressors and the high-pressure ST (HPST). The highest avoidable and unavoidable rates of exergy destruction are found for the CC, GT1, the duct burner (DB) and C1. Also, high avoidable cost of exergy destruction is calculated for ST4. For the CC 91% of the cost rate of exergy destruction is found to be unavoidable. This results in an absolute avoidable cost of exergy destruction of the CC significantly smaller, when compared to other plant components, like GT1 and the DB. Furthermore, 80% of the avoidable cost of the CC is endogenous. Taking into account the avoidable cost of exergy destruction, the plant can be potentially improved through improvement of components GT1, DB, ST4 and, finally, CC.
Splitting the cost rate of exergy destruction
In summary, similarly to the investment cost rates, the rates of exergy destruction are mostly endogenous for the majority of the components. Thus, most of the costs stem from the operation of the components themselves, and component interactions are, in general, of lower importance. Nevertheless, the component ranking priority for improvement differs significantly between avoidable investment costs and avoidable costs of exergy destruction. Although the endogenous costs are higher compared to the exogenous costs, the sources of the exogenous costs reveal individual component interactions and additional information about improvement potential. The results from splitting the exogenous costs for the components with the highest investmentrelated and exergy-destruction-related costs are shown in Tables 3 and 4 Tables 1 and 2 ) and the sum of the split parts caused to it by each of the remaining components (Tables 3 and 4 , complete tables can be found in [3] ). The mexogenous costs stem from secondary interactions during these detailed calculations and cannot be eliminated nor ignored. Further information can be found in refs. [9, 19] . As seen in Table 3 , the main source of the exogenous investment cost of the CC is GT1. Furthermore, the main source of the exogenous investment cost rate of C1, GT1 and the DB is the CC. Overall, the effect of the CC on the investment costs of the remaining components is critical, since its operation is responsible for large parts of the costs of other plant components. However, the exogenous investment cost of the CC (shown in parentheses) is relatively low, due to its opposing effect on some components (mainly those processing the CO 2 stream). The highest effect is calculated for GT1, followed by C1, the MCM HTHX (436.7 €/h) and the MCM (because of their large influence on the CO 2 compressors).
Splitting the exogenous cost rates of investment and exergy destruction
Similar results are obtained when splitting the costs of exergy destruction (Table 4) with the difference that here the CC has the second highest effect on the remaining components of the plant (although negative). This result is mainly associated with the opposing effect the component has on the components of the CO 2 compression unit.
When examining the mexogenous values, significantly high mexogenous investment costs are found for the MCM and the MCM LTHX because of simultaneous interactions among these components and other plant components. Furthermore, high mexogenous costs of exergy destruction are found for GT1 and the CC of the plant, mainly due to interactions between these two components.
Conclusions
In this paper, the investment costs and the costs of exergy destruction of the components of an oxyfuel, advanced zero emission plant with CO 2 capture have been split into avoidable/unavoidable and endogenous/exogenous parts for the first time. It was found that the largest part of the costs for the most influential components of the plant is unavoidable. Moreover, for both the investment costs and the costs of exergy destruction, the interactions among the components (represented by the exogenous part of the costs) are not very strong, because the endogenous costs are significantly larger for the majority of the components. Nevertheless, intense component interactions were revealed among the components of the mixed conducting membrane reactor incorporated in the plant.
From splitting the investment costs and the costs of exergy destruction we obtain different suggestions on improvement priorities of the plant components. For example, although the combustion chamber is ranked in a similar position based on both investment and exergy destruction costs, the expander of the main gas turbine system is ranked first when the costs of exergy destruction is split and sixth when the investment costs are split. These differences between the two types of costs depend on the different assumptions met in each case.
Overall, advanced exergy-based analyses can help engineers improve structures for realizing CO 2 capture in power plants. The component priority ranking provides important assistance for further improvement attempts of a power plant and facilitates the optimization of a complex structure.
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